The problem of creating synoptic maps from asynopticMly gathered trace gas data has prompted the development of a number of schemes. Most notable among these schemes are the Kalman filter, the Salby-Fourier technique, and constituent reconstruction. This paper explores a new technique called "trajectory mapping." Trajectory mapping creates synoptic maps from asynoptically gathered data by advecting measurements backward or forward in time using analyzed wind fields. A significant portion of this work is devoted to an analysis of errors in synoptic trajectory maps associated with the calculation of individual parcel trajectories.
The Trajectory Mapping Technique
The trajectory mapping technique combines several of the strengths of previous techniques with a minimum of assumptions. Trajectory mapping employs a simple, two-dimensional model of atmospheric motions (known as the trajectory model) to advect measurements for- The trajectory technique demonstrates several additional strengths. First, its synoptic maps are generated easily and straightforwardly from asynoptic data. Second, the technique allows for comparison of noncoincident or noncollocated measurements. Third, the technique makes no assumptions about the amount of mixing occurring in the real atmosphere (unlike constituent reconstruction, which assumes uniformly mixed [PV, 0] tubes). Fourth, the technique applies no artificial, mathematical constraints to the data nor does it require the binning of data in any way (unlike the Kalman filtering, Salby-Fourier, and reconstruction techniques). The trajectory mapping technique has several disadvantages as compared to other methods. First, the quality of trajectory maps is substantially dependent upon the quality of the meteorological fields. Missing or inaccurate meteorological data degrade the accuracy of the advected measurements. Constituent reconstruction is similarly dependent upon the accuracy of the meteorological fields, while Kalman filtering and the Salby-Fourier techniques rely strictly on mathematical fits to the measurements. Second, unlike the Kalmanfiltered, Salby-Fourier, or reconstructed maps, the trajectory maps in this paper are not uniformly gridded.
An innovative technique [Sutton el al., 1994] has been
recently developed, however, which produces uniformly gridded trajectory maps. Third, the application of trajectory mapping, like reconstruction, is confined to constituent data, while Kalman filtering and the SalbyFourier technique can be applied to data sets of any
type.
An understanding of the accuracy of the trajectory computation is critical to assessing the value of the resultant maps. A considerable portion of this paper, therefore, is devoted to evaluating errors associated with the technique.
Trajectory Mapping of Satellite Data
To illustrate the trajectory mapping technique, we used long-lived trace gas data gathered by two instruments aboard UARS. In the first example, CLAES measurements of N20, a long-lived, stratospheric trace gas [Brasseur and Solomon, 1984] , are asynoptically (Plate la), Salby-Fourier (Plate lb), Kalman-filtered (Plate l c), and trajectory mapped (Plates l d and le, with the latter being derived from the former using a Barnes gridding scheme, discussed further below) on September 9, 1992. The CLAES data have been interpolated to the 800 K isentropic surface. During this period in September 1992, UARS is in "forward flight" mode with CLAES viewing from 30øN to 80øS.
All of the synoptic maps (Plates lb-le) were produced with data gathered from September 6 through 12. To produce the trajectory maps of Plates ld and le, data from September 6 through noon on September 9 were advected forward in time, while data gathered from midnight on September 13 back to noon on September 9 were advected backward in time. In order to demonstrate the technique 's ability to perform despite data gaps, data from September 10 were omitted in the production of Plate 3. As can be seen, the trajectory technique successfully generated a synoptic map on that day despite the lack of data. The use of advected, older data to produce a map on September 10 completed the otherwise incomplete picture of the evolution of the event. 
Errors in Trajectory Mapping
As mentioned in section 1, the validity of trajectory mapping is fundamentally dependent on the accuracy of the trajectory calculations. The information about an individual parcel location degrades with time owing to the cumulative effects of errors along its trajectory.
The spatial distribution of a large ensemble of parcels, however, is less sensitive to these errors, as shown below. A fundamental problem, therefore, is to determine a reasonable upper bound for the length of time over which parcel trajectories are accurate. Another problem concerns the maximum age for which measurements included in trajectory maps can be considered valid. In exploring these problems, we shall discuss the following four potential sources of error in both individual trajectory calculations and trajectory maps: computational error, trace gas measurement uncertainties, the use of the isentropic approximation, and meteorological errors.
Computational Error
The first of these four error sources, the computational error, has been examined and found to be quite small for the fourth-order Runge-Kutta time integration scheme used here [Schoeberl and Sparling, 1994 ]. In addition to uncertainty in measured constituent mixing ratios, uncertainties in the location of each measurement and in the location of gradients in the meteorological fields also adversely affect trajectory maps. Figure 1 shows the decrease in the number of compact megaparcels as a function of time for January 1992. A megaparcel is said to be "compact" when all four of the subparcels within it remain within 500 km of the central parcel. Even in the case of the northern winter hemisphere, where the parcel shearing is expected to be largest [Randel, 1987b] , more than half the megaparcels remained compact for 15-20 days. In fact, in the summer hemisphere the tests indicated that more than half remained compact for the entire month. Because the 800 K potential temperature surface lies close to the jet core in the winter hemisphere, nearly the maxi- 
Diabatic Versus Isentropic Calculations
Another inaccuracy in the trajectory mapping technique results from the isentropic approximation. The approximation restricts each trajectory to an isentropic surface under the assumption that each air parcel's potential temperature is conserved along its trajectory. In the atmosphere, diabatic effects cause the potential temperatures of air parcels to change, rendering this approximation inaccurate. These inaccuracies can become particularly important in regions of large vertical wind shear or large vertical constituent gradients. Nevertheless, the isentropic approximation is often employed in trajectory calculations because it significantly reduces computation time.
Regions of large vertical wind shear contribute to errors in isentropic trajectory maps in the following. manner. When parcels move off their initial isentropic surface, they encounter somewhat different horizontal winds, both in magnitude and direction. When this difference becomes substantial, the distance between the diabatic and isentropic trajectories grows. To investigate the effects of such errors on individual trajectories and trajectory maps, we examined both the rate at which diabatic and isentropic trajectories separate horizontally and the rate at which this separation causes errors to accumulate in the global constituent fields.
An ensemble consisting of 3480 trajectories was initialized on a uniform, equal-area grid poleward of 20 ø latitude on the 800 K isentropic surface and advected both diabatically and isentropically. As before, all trajectories which at any time explored the space equatorward of 15 ø latitude were discarded. Diabatic calculations of the type described by $choeberl and Sparling Clear differences in the evolution of the trajectory correlation in the two cases are also evident. The decay is initially much more rapid in the northern winter hemisphere than the Southern winter hemisphere. This difference can be mainly attributed to the difference in wave activity between the two hemispheres, with the northern vortex undergoing more frequent, largeamplitude disturbances than its southern counterpart [Randel, 1987b] . On the timescale of this study, it is likely that the small, initial horizontal displacements in the trajectories caused by diabatic effects become amplified in regions of heightened sensitivity to initial conditions. Despite the relatively rapid growth of errors in individual trajectory calculations, the advected distributions of PV0 remain highly correlated over the entire period of the study, both at the coarse (1650 km) and fine (825 km) scales. The field correlation is observed to persist for longer times in the southern hemisphere than in the northern hemisphere. This observation can be explained by examining the differences in the vertical dispersion in the two hemispheres. in the trace gas field will be affected more than others. We estimated this flux for ozone during the periods of January and July 1992, both inside the vortex and at midlatitudes on the 800 K potential temperature surface. For the worst case (January inside the northern polar vortex) the average ozone mixing ratio should have changed by about 30% due to diabatic descent alone over the 31-day period. Changes of roughly 10-24% over the monthlong periods were predicted to result in the other cases. In all cases, changes in the ozone mixing ratio could be limited to less than 10% for isentropic studies confined to periods of about a week. Certainly, the conditions under which trajectory maps are produced (both meteorological and chemical) should be thoroughly understood before trying to interpret the accuracy of the results.
The differences observed between isentropic calculations, diabatic calculations, and calculations using other synoptic mapping techniques are interesting in and of themselves and warrant further study. Comparisons of both diabatically and isentropically advected measurements with nearby, more recent measurements can help assess the amount of heating and[or chemistry associated with a given air parcel. An example of the latter can be found in a recent ozone study using trajectory techniques by Manney et al. [1995] .
In summary, our statistical analyses show that the isentropic approximation used in most trajectory calculations appears to be valid for individual trajectory calculations of 1 to 2 weeks in length, depending upon the specific meteorological conditions. Information related to the large scale features of the distribution appears to be preserved for even longer periods of time (on the order of 1 month). The actual constituent field, however, may be changing due to vertical motions not captured in the isentropic calculations. While these changes become more significant for constituents with large verti-cal gradients, the case studies involving ozone indicated changes of less than 10% for calculations of a week or less.
Sensitivity to Wind Field Analyses
As mentioned earlier, slight displacements of the initial parcel locations near regions of high wind shear can lead to dramatic changes in the subsequent parcel locations. Similarly, a slight displacement of these regions of high wind shear in the wind field analyses can have the same effect. Obviously, large-scale differences in the flow fields will produce large differences in the trace gas fields. Here we examine the sensitivity of trajectory maps to the differences in the location and intensity of smaller-scale wind features. These small-scale differences are likely to be found between different wind field analyses.
To carry out this study, we compared trajectories and trajectory maps produced from the NMC balanced winds [Newman et al., 1988 , Randel, 1987a In order to compare the data sets, trajectory maps were produced for both data sets every 12 hours during each of the three periods. The first appearance of each HALOE H20 measurement in the HALOE maps was then compared to the average of nearby MLS measurements in the synoptic and concurrent MLS maps. Trajectory maps compare favorably with maps produced using the Salby-Fourier and Kalman filtering methods. All of the gridded synoptic maps agree well with the individual measurements. The nongridded trajectory map, however, allows for a visual estimate of the density and variability of the measurements. Also unlike other techniques, trajectory mapping utilizes knowledge of the wind fields to produce its map products.
Several potential errors in the technique were investigated. The separation between individual trajectories computed with and without diabatic effects grows with time but appears to be small for periods on the order of 7 to 10 days. Changes in the meteorological analyses employed can lead to substantial differences in individual parcel trajectories over much shorter periods (3 days or less). All the studies presented here, however, indicate that trajectory maps (composed of large numbers of advected measurements) remain valid for long periods of time (on the order of weeks). As a result of our error analysis, we strongly caution against the use of a small number of trajectories in examining any chemical or dynamical problem.
The inaccuracies in an isentropic trajectory map which result from neglected diabatic vertical motion are complex and can occur in a variety of ways. In most cases these errors will remain small for studies under I week in length. However, we recommend that the meteorological conditions be evaluated before assessing the accuracy of a trajectory map produced in any particular case. 
